The thermal properties of three transition metal and rare earth nitride compounds, ScN, YN and LuN, have been studied using a first principles approach, in which a DFT+U treatment is guided 
I. Introduction
There has been considerable interest recently in the properties of transition metal (TM) and rare earth (RE) mononitrides [1] [2] [3] , such as high melting points, mechanical strength and hardness. Yet, to date little attention has been devoted to understanding thermal transport in these compounds. Most TM and RE based binary compounds are metallic. Here we examine thermal transport in three semiconducting binary nitride compounds containing TM and RE atoms: ScN, YN and LuN. Under ambient conditions all three compounds crystallize in the rock-salt structure. There has been disagreement in the literature regarding whether these compounds are metallic or semiconducting. For example, electronic structure calculations based on density functional theory (DFT) have found ScN and YN to be metallic [4, 5] . However, the authors of Ref. [6] argued that they should be semiconducting based on the fact that the three s and d electrons from the metal atom combine with the five valence electrons from the nitrogen atom to give a closed shell. The semiconducting behavior for all three compounds has been confirmed through accurate screened exchange, hybrid functional DFT, and GW calculations [2, 5, 6, [8] [9] [10] , with experimental confirmation for ScN [5, 11] .
For intrinsic semiconductors, thermal transport is dominated by phonons. Here, we present first principles calculations of the intrinsic lattice thermal conductivity L κ , for ScN, YN and LuN, which is limited only by three-phonon scattering that arises from the anharmonicity of the interatomic potential [12] . This gives an upper bound to the thermal conductivities of real crystals, in which phonons can also scatter from extrinsic defects such as point impurities, and from boundaries. The phonon spectra show stiff bonding reflected in the high phonon frequency scales and large acoustic phonon velocities comparable to those seen in group IV and III-V semiconductors, such as SiC and GaN. However, unlike the group IV and III-V compounds, the three TM and RE nitride compounds show a strong polar nature seen in large frequency splittings between the longitudinal optic (LO) and transverse optic (TO) phonon branches. All compounds also show soft TO phonon modes around the Γ point. These features promote strong phonon-phonon scattering that suppresses the lattice thermal conductivities in these compounds.
In section II, the first principles theory used to calculate phonon thermal transport and lattice thermal conductivity is presented. Section III gives a description of the computational details, section IV discusses the results, and section V presents a summary and conclusions.
II. Theory
We have confirmed the previous finding that ScN, YN and LuN are semiconductors by performing electronic structure calculations using the screened hybrid functional of Heyd, Scuseria and Ernzerhof (HSE06) [13] within density functional theory. The band structure along some high symmetry directions is presented in Figs. 1 (a) -(c) for ScN, YN and LuN, respectively. Energy gaps and lattice parameters obtained from HSE06 calculations are given in Table I , along with measured ones and those calculated using the LDA and GGA. Calculated energy gaps from the HSE06 functional range from 0.9 eV to 1.1 eV, consistent with previous findings [2, 5, 6, [8] [9] [10] . Further computational details are provided in Section III.
To study the thermal properties, harmonic and anharmonic interatomic force constants (IFCs) were computed from first principles. Harmonic IFCs were used to calculate phonon frequencies, λ ω , and group velocities, v λ , for mode ( , ) j λ = q where j is the phonon branch and q its wave vector. Both sets of IFCs were used to calculate phonon-phonon scattering rates. The linearized Peierls-Boltzmann equation (PBE) was then solved using an iterative approach to obtain the non-
, resulting from a small temperature gradient, T ∇ . Here, 0 n λ is the Bose distribution, and
gives the deviation from equilibrium, where the vector, λ F , is determined iteratively from the recast PBE. Details of the iterative PBE solution have been provided in numerous previous references such as [20] [21] [22] [23] [24] .
Using λ F , L κ was calculated as:
where α and β are Cartesian components, V is the volume of the system and the mode specific heat is:
We note that for the cubic (rock-salt) structures considered here, L κ is a scalar.
A traditional measure of anharmonicity is provided by the mode averaged Grüneisen parameter, γ [25] [26] [27] . Below, we calculate γ to assess its utility in describing the anharmonicity in the three nitride compounds. It is given by:
In Eq. 2, λ γ is the Grüneisen parameter for mode λ , given by the logarithmic derivative of the phonon frequencies with respect to volume, and it can be expressed in terms of the anharmonic IFCs as [28, 29] : 
Here, 
III Computation Method
DFT calculations were carried out in the plane wave basis as implemented in the Vienna Ab initio simulation package (VASP) [30] [31] [32] [33] with the projector augmented wave (PAW) method [34] . The HSE06 band structures were obtained on an 8×8×8 k grid with the optimized lattice constants obtained from GGA calculations, discussed below. However, calculation of IFCs using the HSE06 functional would be prohibitively expensive. To circumvent this problem, we instead use the DFT+U formalism: The on-site interaction of the d electrons is treated within the rotationally invariant approach introduced by Dudarev et al. [35] . The rationale for choosing U is discussed below. For each U value, the lattice constant is optimized with a 12×12×12 k grid.
The harmonic IFCs were calculated with the help of Phonopy [36] . The harmonic IFCs can either be obtained by displacing the atoms from their equilibrium positions and calculating the forces, the finite displacement (FD) method, or by directly computing the Hessian matrix using density functional perturbation theory (DFPT) in VASP. In all calculations, we set the plane wave cutoff to 520 eV and the convergence in total energy to 10 -8 eV. The harmonic IFCs were calculated on a 5×5×5 supercell made from the primitive cell, and containing 250 atoms. We have tested that the 2×2×2 k grid gives accurate phonon dispersions. For example, the phonon dispersions of ScN calculated from the 3×3×3 k grid are nearly identical to those obtained from the 2×2×2 k grid. We note that using Γ point sampling gave anomalous sensitivity of the phonon dispersions on U, which was not found in the 2×2×2 and 3×3×3 cases. We have also compared the DFPT method and FD method and found that they gave practically the same phonon dispersions. In the following, we present phonon dispersions and thermal conductivity data with the harmonic IFCs from the DFPT method. The anharmonic IFCs were calculated with the FD method as detailed by Li et al. [24] . The forces were also computed on a 5×5×5 supercell but with the Γ point sampling. We consider IFCs up to the seventh nearest neighbors. This is equivalent to a distance cutoff of 1.42 a 0 , where a 0 is the lattice constant. The PBE is then selfconsistently solved for λ F on a 48×48×48 q grid and the lattice thermal conductivity calculated according to Eq. (1). An adaptive Gaussian broadening scheme was used to account for the conservation of energy in the three-phonon scattering processes, where the broadening factor was set to unity [37, 38] . We have tested that the calculated thermal conductivities of the three nitride compounds are converged with respect to the supercell size in the harmonic IFC calculation and number of nearest neighbors in the anharmonic IFC calculation. We have also checked that the thermal conductivity is converged with regard to the q grid density and the broadening factor in the Gaussian scheme.
IV Results and Discussion
From Table I , it is seen that GGA and the hybrid functional HSE06 give lattice constants that are very close to the experiment values, while LDA underestimates the measured values by between 1 and 2%. However, standard DFT fails to correctly describe the electronic structure in these compounds. In the standard DFT calculations (GGA and LDA) ScN shows semi-metallic behavior, as has been found previously [7, 39] Table II . A comparison of the band structures for the three compounds using DFT+U and HSE06 functional is given in Figs. S1 and S2 of the supplementary section [40] . compounds show a large LO-TO splitting and softening of the TO mode at Γ. This is due in part to the large polarity of these compounds, reflected in their large Born effective charges (see Table II ). Aside from decreasing the lattice constants and energy gaps, it is noted that decreasing the Hubbard U has almost no effect on the acoustic phonon branches, but increases LO-TO splitting through further softening of the TO branch.
The lattice thermal conductivity for the three compounds is plotted as a function of temperature for Case 1 in Fig. 3 To assess the sensitivity of the thermal conductivity to changes in U , we compare the temperature dependence of the L κ values obtained for Case 1 (solid curves in Fig. 3 ) with those obtained for Case 2 (dashed curves in Fig. 3 ). Values at 300K are given in the last line in table II.
The larger U values for Case 2 stiffen the TO branch frequencies around Γ, which reduces the phase space of energy and momentum conserving three-phonon scattering processes between heat carrying acoustic phonons and optic phonons. As a result, L κ for Case 2 is larger than it is for Case 1. For ScN, the optic phonon branches hardly change going from Case 1 to Case 2 in spite of the large change in U from 2.6 eV to 7 eV. As a result, L κ shows only modest increases (about 25% at 300K). For YN and LuN, the L κ values increase a bit more than for ScN (33% and 35% respectively at 300K), reflecting somewhat larger shifts in the TO branches. The dependence of the L κ as a function of U for YN is given in Fig. S3 and shows a roughly linear trend [40] .
While it is computationally too expensive to perform phonon calculations using the HSE06 functional, we can nevertheless compare it to the DFT+U approach by examining the change in the energy per atom, E Δ , resulting from rigid shifts of the metal atom and N sublattices. Such shifts describe the TO phonon mode at Γ. A plot of E Δ as a function of the sublattice displacement, δ, is shown in Fig. 5 for ScN calculated using DFT+U with U for case 1 (gold curve) compared to that using the HSE06 functional (blue curve). For small δ, the two curves are almost identical. The TO frequencies extracted from these curves (using should use caution since a dynamically stable structure obtained using DFT+U may be found to be unstable using HSE06 functional.
A conventional measure of L κ is given from the theory of Liebfried and Schlömann (LS) [25] , for which [26, 27] :
, where A is a constant, M is the average atomic mass, 3 δ is the volume per atom, D ω is the acoustic Debye frequency (taken to be the highest acoustic phonon frequency), n is the number of atoms per unit cell, and γ is the mode averaged Grüneisen parameter. The expression has given reasonable predictions for many materials with zinc blende and rock-salt structures [26, 27] . We have used this expression to compare the trends it predicts to the actual behavior determined from the ab initio calculations. We have calculated γ using Eqs. 2 and 3 for Case 1. While γ depends on temperature, T, it saturates at high T. By T = 300 K it is close to saturation for all materials, at which the calculated values are 1.66, 1.67 and 1.86 for ScN, YN and LuN, respectively. Then, using the lattice parameters from Table II and the D ω values taken from the calculated phonon dispersions, we find that LS theory correctly predicts that ScN should have the highest L κ . However, it predicts that the L κ for LuN is much smaller than that of YN. In contrast, the first principles calculations predict that the L κ for LuN and YN are similar (see Table II To highlight this latter point, we first note that the masses of the TM and RE atoms in the three compounds studied here are all much larger than that of nitrogen, with mass ratios ranging from about 3 to over 12. It is then interesting to compare the L κ values of these nitride compounds to those predicted for large mass ratio group IV and group III-V semiconductors, such as GaN, GeC, BSb, and BAs. It has been predicted from ab initio calculations that these four compounds should have room temperature L κ values of 230Wm Connected to the above, an interesting contrast to the TM and RE nitrides is boron bismuth (BBi). BBi crystallizes in the zinc blende structure [49] , and electronic structure calculations using the YS-PBE0 hybrid functional have found this III-V compound to be semiconducting with an energy gap of 0.95 eV [50] . BBi has an extremely large heavy (Bi) to light (B) atom mass ratio of 19.3, much larger than that of LuN (12.5). We have calculated the phonon dispersions (see Fig. S4 Table II Figure Captions 
